An effective way of investigating the effects of tropical cyclones (TCs) on different spatial/temporal-scale environmental fields is to contrast the original circulation with the circulation from which the TCs have been removed. Although dynamical balance is required for analyzing TC contributions, the dynamic balance of TC-removed fields obtained by the existing TC removal method (which is widely used in the TC bogus procedure) is often ignored. In this paper, a TC removal method incorporating the potential vorticity (PV) inversion technique is proposed and its application to climate study is demonstrated. This method objectively detects the TCs' positive PV disturbance, which is strong with a deep structure and overwhelmingly dominates the relatively weak and thin negative PV disturbance. The TC-removed field is well-balanced due to the dynamic balance consideration in the PV inversion framework. This approach isolates TC vortices, which are stronger and have a wider range of impacts compared with the TC components derived by the existing removal methods. The TC-removed fields obtained by the existing and the proposed methods are profoundly different, especially in dynamic balance. The TC contribution to intraseasonal variance and seasonal mean circulation in the tropical western North Pacific is examined. The existence of TCs enhances the amplitude and propagation of intraseasonal oscillation and strengthens the seasonal mean circulations such as the low-level monsoon trough and upper-level anticyclone in the region. Whereas the existing and the proposed TC removal techniques yield consistent results, the proposed technique yields larger TC contributions to the seasonal-mean circulation and the amplitude and northward propagation tendency of intraseasonal oscillation.
Introduction
Several studies have revealed the large-scale environmental effects on a tropical cyclone (TC) during its life cycle: genesis (Gray 1998; Ritchie and Holland 1999) , development (DeMaria 1996; Ritchie and Frank 2007; Hendricks et al. 2010) , and movement (Franklin et al. 1996; Sobel and Camargo 2005; Galarneau and Davis 2013) . By contrast, few studies have considered the effects exerted by TCs on the large-scale environment. By comparing original reanalysis data with TC-removed data, Hsu et al. (2008a,b) demonstrated that TCs contribute more than 50% to intraseasonal variance (ISV) of 850-hPa vorticity along TC tracks in the tropical western North Pacific (WNP) during boreal summers when TC and intraseasonal oscillation (ISO) activities are strong. Ko et al. (2012) also used the same method and demonstrated that TCs enhance the amplitudes of vorticity and kinetic energy of the TC/submonthly wave pattern in the WNP by more than 50%. The TC removal technique proposed by Kurihara et al. (1995) [hereinafter called Kurihara filtering (KF)] was employed in the aforementioned studies. Their procedure is described briefly as follows. An 850-hPa wind field was divided into basic and disturbance fields, and its TC center and domain were then determined using tangential wind profile of the disturbance field. For all atmospheric variables, the disturbance field within the TC domain was removed and replaced with a smoothed field.
KF was widely used in the TC numerical experiments (Cheung and Chan 2001; Kwon et al. 2002; Rogers et al. 2003) . Ross and Kurihara (1995) used KF to create an initial field of sensitivity experiment in which a TC was removed. Moreover, in dynamical initialization scheme for 1 3 TC simulations, Cha and Wang (2013) and Wang et al. (2013) employed KF to separate the TC vortex component and the environmental component. To calculate the large-scale vertical wind shear, Wang et al. (2015) used the filtered basic wind field obtained by KF.
The employment of this type of TC removal technique is a powerful way to investigate the effects of a TC on the largescale environment. However, the use of KF results has some problems. First, although a TC can sometimes tilt vertically, the center and domain are fixed at all layers because they are determined by the 850-hPa wind field only. Second, the dynamical balance is not considered in both the TC-removed component and the remaining circulation. The consideration of the dynamical balance in the TC removal fields is important when other dynamical fields, e.g., vertical velocity, temperature, and geopotential fields, are analyzed to obtain a complete structure associated with TC. These inherent problems in KF are partially dealt with in the new TC removal technique proposed by Winterbottom and Chassignet (2011) ; the TC center and domain are determined individually at each level. The domains for the geopotential height and temperature fields are 1.25 times of the domain for the wind field, considering the larger influence of TC on these fields compared to the winds. However, the balance between variables was not considered in the removal process, either. In the numerical simulations, the dynamical imbalance in the TC-removed fields is often overcome through dynamical initialization. Galarneau and Davis (2013) proposed a new decomposition technique; the study decomposed wind fields into TC and non-TC wind components to investigate TCs' steering flows [hereinafter called Galarneau and Davis filtering (GDF) ]. The TC components of streamfunction ( ) and velocity potential ( ) are defined as:
where is the relative vorticity, is the divergence, ∇ is the two-dimensional gradient operator, and r and r 0 are the ∇ 2 = , r ≤ r 0 0, (r > r 0 ) and ∇ 2 = , r ≤ r 0 0, (r > r 0 ) , distance from the TC center and the radius of TC domain, respectively. Using these Helmholtz equations, the TC-associated rotational and divergent wind components are then calculated by the obtained TC-associated streamfunction and velocity potential, respectively. GDF removes all of rotational and divergent wind fields inside the pre-determined TC domain, unlike KF that determines and retains the non-TC background circulation, and does not decompose other variables such as geopotential and temperature. Similar vortex removal method is used for the vortex removal scheme in the Weather Research and Forecasting (WRF) model. In the scheme, using the nondivergent wind, the balance equation is solved to obtain geopotential, and then temperature is computed in the vortex-removed field.
Here, we compare and summarize the existing TC removal methods, KF and GDF. In KF, the TC domain is determined by using 850-hPa radial disturbance tangential wind profile from the TC center. In this procedure, 24 radial directions from the TC center are tested; the obtained removal domain is generally not circular. The TC center and domain remain fixed vertically at all levels. The wind, geopotential, and temperature associated with the target TC are then individually removed within the domain without considering the balance among the variables. On the other hand, GDF's TC-removal domains are circular: all vorticity and divergence are removed within the circular domain whose extent depends on the TC considered. Then, the rotational and the divergent wind fields after the TC removal are recovered by solving the Helmholtz equation. The tunable parameters to detect the removal domains used in these methods are listed in Table 1 . To obtain the TC removal domain, several tunable parameters [e.g., (a, b), r f ( ) , and r 0 ( ) ] are used in KF. By contrast, only one tunable parameter ( r 0 ) is used in GDF.
In view of the dynamical imbalance issue in the existing TC-removal schemes, this paper proposes a TC removal technique in which potential vorticity (PV) inversion (PVI; Davis and Emanuel 1991; Wang and Zhang 2003) Kurihara et al. (1995) and Galarneau and Davis (2013) is employed. The proposed removal technique is applied to reanalysis data during June-October (JJASO) 2004. The derived fields are dynamically balanced in the PVI framework. We compare the TC-removed fields derived using the traditional and the proposed TC removal techniques, and reexamine the TC contribution to intraseasonal variance and seasonal-mean circulation in the tropical WNP discussed in Hsu et al. (2008a) with dynamically well-balanced TCremoved data. This paper is organized as follows: Sect. 2 describes the data and the procedure of this algorithm. Section 3 compares the TC-removed field with the existing and the proposed methods. The influences of TC on the intraseasonal variance of vorticity and on the seasonal-mean geopotential height and temperature fields are discussed in Sect. 4. Finally, in Sect. 5, we conclude this study and discuss the advantages of the proposed TC removal technique for climate study by investigating the TC effect on the largescale environment.
Methodology

Data
The atmospheric variables used in this study were geopotential, horizontal and vertical winds, temperature, and specific humidity; the data were taken from the Japanese 55-year Reanalysis Project (JRA-55; Kobayashi et al. 2015; Harada et al. 2016 ) provided by the Japan Meteorological Agency. The JRA-55 is a 6-h 1.25° latitude/longitude gridded data set. This study analyzes 5 months of data from JJASO 2004. An advantage of JRA-55 is that the data set assimilates tropical cyclone wind retrievals (TCRs) derived from best track data. Because of the TCRs, the intensity and center location of TCs are better represented in JRA-55 compared with other reanalysis data (Murakami 2014) . To decompose the PV anomalies (PVAs) associated with TCs, the best track data provided by the Regional Specialized Meteorological Center, Tokyo (RSMC-Tokyo) are used. TCs in the categories of tropical storm, severe tropical storm (STS), and typhoon (TY) during JJASO 2004 in the RSMC-Tokyo best track data are defined as analysis objects in this study. The use of the RSMC-Tokyo best track data for the decomposition is discussed later.
PV inversion
Total PV inversion
The PVI technique used in this study was developed by Davis and Emanuel (1991) . Assuming that the irrotational and vertical winds are negligible in the divergence equation, the balance equation is derived as where is geopotential and f is the Coriolis parameter. Because this study is focused on TC located at low latitudes where water vapor is rich, the form of PV should consider the moisture effect as demonstrated by Wang and Zhang (2003) . The approximate definition of PV that includes the moisture effect in [= C p p∕p 0 ) coordinate is written as where = R d ∕C p is the ratio of gas constant for dry air ( R d ) and specific heat at constant pressure ( C p ), p is pressure, p 0 is reference pressure (= 1000 hPa), g is gravitational acceleration, u is eastward wind speed, v is northward wind speed, is the vertical component of absolute vorticity, v is virtual potential temperature [ = (1 + 0.608s) , where s is specific humidity and is potential temperature], and q is the PV. In Eq. (2), the terms that include vertical velocity are neglected. Under the assumptions of hydrostatic balance, v = − ∕ , and that the nondivergent wind is much greater than the irrotational wind, Eq. (2) can be rewritten as
Equations (1) and (3) have two unknowns. We can calculate them using the method in Davis and Emanuel (1991) and Wang and Zhang (2003) with the q distribution, v on the upper and bottom boundaries, and and on the lateral boundaries.
The domain used for PVI extends from 0° to 60° N and from 90° E to 150° W with a horizontal resolution of 1.25° latitude/longitude. The solution occasionally includes an unstable layer because of numerical error induced by an inhomogeneous vertical grid interval in the π coordinate. To prevent the appearance of the unstable layer in the solution, the data on the inhomogeneous vertical grid is reconstructed into a homogeneous one through cubic spline interpolation. The reconstructed data has 26 layers, the level at k = 1(26) of the reconstructed data satisfies = C p 0.5C p , and the constant vertical grid interval is Δ = 0.02C p .
The v fields at the levels of = 0.99C p and 0.51C p (approximately 965 and 95 hPa) are used for the upper and bottom boundary conditions that satisfy v = − ∕ = −f 0 ∕ , where f 0 is the Coriolis parameter at 30° N. The Dirichlet boundary condition (fixed and ) is used for the lateral boundary condition. We attempted to use the Neumann boundary condition for solving the system; however, a stable solution is not always obtainable. Wu and Emanuel (1995) argued that the reason is probably the imbalance between mass and wind fields near the equator. To overcome this problem, they considered 10° or 12.5°
(1)
N as the southern boundary of the inversion domain. This study requires the inverted geopotential and streamfunction at low latitudes. Therefore, we select the Dirichlet boundary condition to stabilize the solution.
The PVI is executed for 612 (every 6 h for 5 months) cases in total. The solution diverges in some cases and tends to converge when a smaller under-relaxation parameter for (see Davis and Emanuel 1991) is applied; however, the use of the smaller parameter requires more computation time.
To overcome this solution problem, the parameter becomes smaller automatically in the code when the solution diverges, and then the calculation is executed again. No smoothing for any variable is required in our PVI code because of the adoption of parameter correction and the application of the parameter introduced by Wang and Zhang (2003) , which prevents the nonellipticity problem for the 3-D Poisson equation (for more details, see Wang and Zhang 2003) .
Piecewise PV inversion
To recover the balanced mass and circulation fields associated with PV perturbations of TCs, piecewise PV inversion (PPVI) is employed. The method of Davis and Emanuel (1991) is used for constructing the PPVI system. First, we define ̄ and ̄ , which satisfy Eqs. (1) and (3) for a given q:
where q is an arbitrary averaged PV. By substituting =̄+ � , =̄+ � , and q =q + q � into Eqs.
(1) and (3), and by using Eqs. (4) and (5), the PPVI system can be derived as
Given the PVA associated with TC ( q ′ ), TC-associated geopotential ( ′ ) and streamfunction ( ′ ) are solved in the PPVI system. The distributions of ′ and ′ depend on the definition of q ′ (= q −q) , which in turn depends on how the averaged PV is defined. That is, the derived ′ and ′ depend on the definition of q . Therefore, care must be
exercised when handling the arbitrary averaging of PV as discussed below.
PV partitioning
Basic framework of decomposition
The PVAs generated by TCs are mainly characterized by the following two features: (1) the positive PVA concentrated on the TC center in the troposphere, and (2) the negative PVA widely spread over the TC in the upper troposphere and the lower stratosphere ( Fig. 1 ). As discussed in Haynes and McIntyre (1987) , the PV associated with a TC should follow the volume integral constraint of PV: the integral of PV in a certain volume bounded by two isentropic surfaces is constant. That is, a positive PV produced by diabatic heating must be compensated by an equal and negative PV in the volume. This constraint should be taken into account in principle when the TC-associated PVAs are isolated from the large-scale environmental PV. Whether such a constraint can be obtained in real data is explored below. The characteristics of TC-associated positive PVAs are clearly observed in the cases of TY Mindulle and STS Tingting ( Fig. 1a ) and STS Ma-on ( Fig. 1d ): these positive PVA are spatially isolated and exist in the troposphere. On the other hand, the distributions of the negative PVAs associated with the TCs are complicated. In the case of TY Mindulle and STS Tingting, a negative PVA encircles each positive PVA ( Fig. 1a-c) . These encircling negative PVAs are presumably associated with their respective TC. However, in the case of STS Ma-on, the distribution of negative PVA in the upper troposphere is highly asymmetric and spreads out in an area much larger than the TC itself; the negative PVA is associated with an elongated band (i.e., a trough) to the north of STS Ma-on ( Fig. 1d-f ). Such asymmetric and ill-defined TC-related negative PVAs are observed in most of TC cases. By contrast, a clear negative PVA encircling the center of TC such as in Fig. 1a -c is rarely observed. The horizontal distributions of the asymmetric negative PVAs observed in most of TC cases are presumably associated with the large-scale wind fields in the upper troposphere. Greater asymmetry of the negative PVA in the upper troposphere tends to be observed when TCs move into the midlatitudes (not shown). Moreover, as shown in Fig. 1a , d, the negative PVAs over the TCs extend continuously from the upper troposphere to the lower stratosphere. The upper boundaries of the negative PVAs associated with the TCs cannot be well defined.
In contrast to the partitioning of the positive PVA associated with the TC, it is more difficult to partition the asymmetric negative PVA into its TC and non-TC components. A clean way for separating TC and non-TC negative PVAs is yet to be identified. For this reason, we identify an isolated positive PVA in the troposphere within TC domain as proposed above and negative PVAs within the 800-km radius from the TC center, reported in the best-track data, from the surface to the top.
Isolating the TC circulation would involve a definition of a mean (environmental) field, which depends on the purpose of the study. For example, Davis and Emanuel (1991) defined the mean as a 5-day time-averaged field in the extratropical cyclone study. Although Wu and Emanuel (1995) also employed time averaging in their study of TC movement, the averaging period was 3 months. The mean geopotential and streamfunction fields in these studies are solved in the system of Eqs. (4) and (5). On the other hand, spatially averaged fields were used for the mean fields in other studies. Focusing on a highly axisymmetric structure of TC, an axisymmetric averaged streamfunction circling the TC center is adopted as a mean streamfunction field, and mean geopotential and PV fields are solved by Eqs. (4) and (5), respectively (Shapiro 1996; Wu et al. 2003 Wu et al. , 2004 . Wang and Zhang (2003) used the axisymmetric averaging for geopotential fields to avoid the appearance of negative static stability near the top of the planetary boundary layer; mean streamfunction and PV fields were then obtained from the gradient wind balance relation and Eq. (5), respectively.
Although the time-averaged fields can be easily calculated, the shortcoming of time averaging for TC study is that the obtained mean field is severely influenced by the presence of TCs. By contrast, the advantage of using the axisymmetric averaging is that the TC's axisymmetric structure can be completely removed when the TC center is clearly defined. However, TC sometimes tilts vertically, and thus, it becomes complicated to define the TC center. In this situation, an employment of axisymmetric averaging may cause errors in the mean and perturbation fields.
In this study, a new decomposition method in which both time and spatial averaging are applied is adopted to obtain the mean PV field, which is not related to the presence of TC. We first decompose PV at a certain time such that where [] t represents a 31-day time-averaging field, 1 called the basic field, and q � (t) is the perturbation PV, which is the deviation from the basic PV field. Then, q � (t) is separated into a TC and a non-TC component (the separating method is described in the following subsection): Finally, the environmental PV field is obtained by combining the non-TC part with the basic PV field:
Equation (8) can be written as This is the same as Kurihara et al. (1995) , except for the calculation of the basic field; in their study, the basic field was defined by spatial filtering method. As stated above, q(t) t includes the effect of the presence of TC. To cleanly remove the imprints of TC in the basic PV field, we further recalculate the basic PV field using the obtained q E (t) , and separate the TC and non-TC components again from the new perturbation field,
The TC imprints in the new environmental PV field, q E (t)| new are reduced than those in the previous environmental PV field q E (t) . However, the obtained new environmental PV field still has weaker TC imprints; therefore, we repeat this procedure. That is,
where the superscript n denotes the number of iterations. The TC effect on the environmental field disappears gradually with the iterations.
This decomposition procedure is summarized in Fig. 2 and the obtained basic (time-averaged) fields after each iteration at 0000 UTC 16 August 2004 are shown in Fig. 3 . After the first iteration, there exist two PV maxima, which are associated with the TCs, near 25° N, 125° E and 27° N, 133° E (Fig. 3a) . The amplitudes of these maxima decrease after the second iteration (Fig. 3b ). These PV extrema are virtually removed after the 4th and 5th iterations, and the distributions of q 3 E (t) t and q 4 E (t) t are almost identical ( Fig. 3c, d) .
Thus, the TC imprints are effectively removed in q 4 E (t) t (the iteration is repeated five times for this study), and the usage of this time mean field with little trace of the TC imprints is valid for the purpose of this study. Another important feature of the basic field is that the PV value in a TC-free region is In addition, note that the basic field varies with time step because it is a 31-day running mean.
Determination of TC domain for positive PVA
The basic procedure for the determination of TC domain for positive PVA in this study follows that proposed by Kurihara et al. (1995) and Kwon and Cheong (2010) . The procedure is as follows: the TC center at each level and TC height are detected first, and then the domain boundary of the TC in 360 directions from the TC center is determined, as described in the next paragraph. After the TC domain detection, tropospheric positive PVA is extracted for separating the TC and non-TC components (see previous subsection).
In Kurihara et al. (1995) and Kwon and Cheong (2010) , the bilinearly interpolated disturbance field at 850 hPa was used to determine the TC center and domain. However, using one layer for defining the TC center (and domain) may lead to errors when the TC structure tilts in the vertical. Therefore, we define the TC center and domain individually at each layer. Here, the TC center is defined as the location of maximum vorticity averaged within a 250-km disk. The precision of the TC center is (1.25/16)°; thus, the TC center is typically not located on a grid point. The TC position recorded in the RSMC-Tokyo best track data is used for an initial guess first, and then the TC center at the level k = 2 is determined. PVAs associated with TCs at k = 1 do not need to be determined because the PPVI system does not require PVAs at the lowest level. It is the potential temperature anomaly that PPVI system needs at the lowest level. The anomaly within a distance of 1200 km from the TC position recorded in the RSMC-Tokyo best track data is defined as the TC-associated potential temperature anomaly. After the determination of TC center at k = 2, a location of TC center at k = 3 is determined using the information of the center location at k = 2; this procedure is repeated continuously upward. However, this procedure may pick up another meteorological system that has strong vorticity in the vicinity of the TC. To avoid this potential problem, the vertically connected TC center, so-called the vortex axis, is examined; the TC center detection repeated upwardly is terminated when 
(see the text). Dots indicate the locations of TCs that exist during the time-averaging period the vertical gradient of the vortex axis exceeds the threshold of 300∕Δ km J −1 kg K . This threshold is empirically chosen and corresponds approximately to a two-grid distance per one layer at 1.25° horizontal resolution. After determining the TC center, by examining the PV disturbance 2 profile along 360 radial directions, the extent of the TC domain is determined at all layers. Going outward from a point 200 km away from the obtained TC center, each profile is tested at radial intervals of 10 km. It means that the profile from 0 to 200 km is not tested. The reason will be discussed later in this paragraph. The domain boundary at each angle is defined as the point where q test < 0.05 PVU (PV unit: 10 −6 m 2 kg −1 s −1 K) is first satisfied, where q test is the PV disturbance along the radial direction. In general, distribution of PV disturbance associated with TC at a specified level does not necessarily have a closed curve of the value with 0 PVU that encloses the TC center (see red contours in Fig. 4 described later) ; therefore, the condition q test < 0.05 PVU is sought. Then, the distance of the domain boundary from the TC center is modified to consider the range of 0 ≤ q test ≤ 0.05 PVU; we add 100 km to the domain boundary distance assuming that the distance of the range of 0 ≤ q test ≤ 0.05 PVU is 100 km. Moreover, the innermost point where the gradient of q test exceeds 0 PVU m −1 is also regarded as the boundary of TC domain because q test typically decreases outward. The reason why the starting point for seeking the radial profile is not the TC center but 200 km away from the TC center is that the previously defined TC center is not always located at the position of the maximum q test , and thus, the gradient of q test becomes positive within a range of 0-200 km in some cases. The distance is bounded by 1200 km, thus the range of the distance is restricted to 200-1200 km. In most cases, the domain boundary exhibits a smoothed curve, but a spike-like curve occasionally appears. The spike-like curve is replaced with the smoothed curve, which is calculated using the adjacent boundary points. The examples of the obtained TC domains are illustrated in Fig. 4 . Although the TC domain for a strong storm is almost circular (Fig. 4c) , the TC domains for weaker storms can be stretched in certain direction (Fig. 4a, b) . Visually, the TC domains can be reasonably detected by this method according to the 0 PVU line shown in Fig. 4 .
In some cases, TC couples with other meteorological systems originated in the stratosphere. To prevent picking up the coupled PVAs, we restrict the PVA associated with TC in the troposphere (i.e., the PVA in the stratosphere is not defined as the anomaly associated with TC). In this study, the dynamical tropopause is defined as the surface of 2 PVU; the height of the dynamical tropopause is searched downward from the top of the gridded PV data.
As stated above, we considered both positive and negative PVAs as the PVA associated with TC. We assumed 800-km disk from the TC center reported in the best-track data from the surface to the top as the negative PVA domain in this study. This definition is less sophisticated compared with the one of the positive PVA. This is because of highly asymmetric distribution of the negative PVA associated with TCs in most cases. The respective effect of positive and negative 
in Eq. (9). Note that the PV disturbance varies with the iteration step.
PVAs associated with TCs on the surrounding large-scale circulations will be discussed later.
Estimations of vertical velocity and irrotational wind
The TC-associated anomalies of nondivergent wind, geopotential, and temperature are obtained from PPVI, and by subtracting these from the respective total fields the TCremoved components are obtained. The TC-removed components of vertical velocity and irrotational wind are calculated based on the quasi-balanced omega equation and continuity equation as in Wang and Zhang (2003) (hereinafter called the balanced omega equation system). In this procedure, diabatic heating and specific humidity, which are given explicitly during the calculation, are modified in the same manner as KF. The Lagrangian derivative of potential temperature is used for the diabatic heating calculation, which is computed from the JRA-55 using centered 6-h air parcel trajectories, that is, 3-h forward and backward trajectories. Five-minute intervals of linear temporal interpolation are considered for the trajectory calculation. Similarly, the TC-included components of the vertical velocity and the irrotational wind are obtained from the balanced omega equation system, but in this instance, the diabatic heating and specific humidity obtained from the JRA-55 is directly used without any modifications. Finally, after subtracting the TC-removed components from the TC-included components, we get the TC-associated vertical velocity and irrotational wind.
Comparison among the effectiveness of PVI and the existing TC removal schemes
The fields in which TCs were removed by KF at 0000 UTC on August 23, 2004 are shown in Fig. 5 . There exist two typhoons: TYs Chaba centered at 15.2° N, 143.6° E and Aere centered at 22.9° N, 126.2° E. The TCs are removed within a polygonal domain at the lower layer ( Fig. 5i ), but weak cyclonic circulations still exist in the TC-removed field at the location where the TCs originally existed (Fig. 5g, h) . Similarly, at the middle layer, the weak cyclonic circulations in the TC-removed field remain ( Fig. 5d, e ). The isolated TY Aere is not encircled by the zero line of geopotential height deviation (Fig. 5f) , indicating that the size of the TC domain at this layer is not sufficient to remove the TC component. TY Aere is elongated southwestwardly (Fig. 5d) ; therefore, a wider domain is required for the removal. The TC domain determined by KF is too small because the center and domain are determined at only 850 hPa. In addition, the temperature fields at the upper layer are shown in Fig. 5a -c. The warm cores induced by two typhoons seem to be fairly removed in the field. However, similar to the mass and wind fields at the lower and middle layers, high temperature still remains beyond the TC domain in the TC-removed field (Fig. 5a, b) . The TC-removed fields calculated by PVI are shown in Fig. 6 . Compared with the results by KF, the TC components of wind and mass fields spread over a wider area and have larger amplitudes (Figs. 5f, i, 6f, i) . The TC-removed fields are evidently different from that by KF and no residual cyclonic circulations at the TC-existed location is found in the TC-removed field (Figs. 5e, h, 6e, h) . Whereas the geopotential and wind fields outside the TC domain remain largely unchanged in the results by KF, the outside field exhibits marked changes after the TC removal by PVI. While the TC-removed fields obtained by PVI are dynamically balanced in the PVI framework, it is unclear whether the TC-removed fields obtained by KF are balanced. Similarly, the warm cores associated with the two typhoons obtained from PVI are larger than those obtained from KF (Figs. 5c, 6c); therefore, the high temperature beyond the TC-existed domain shown in the result by KF no longer remains in the PVI result (Figs. 5b, 6b ). Note that the maximum temperature at 12° N, 148° E in the TC-removed field (Fig. 6b) is associated with another meteorological system, a PV maximum to the southeast of TY Chaba (not shown). Figure 7 shows relative vorticity of the original and TCremoved fields at the low level. Because of the detection of the larger TC-component wind field by PVI, the relative vorticity of the TC component becomes (approximately 50%) larger than that obtained by KF ( Fig. 7e, g) . Residual amplitudes of relative vorticity still remain at the TC-existed location in the KF result (Fig. 7b) . This is because, as shown in Fig. 4 of Kurihara et al. (1995) , a weaker cyclonic circulation tends to remain around the TC location when KF is applied. By contrast, such weak anomalies are not found in the TC-removed field by PVI ( Fig. 7d ). Moreover, in the TC-component vorticity by KF, thick bands of negative vorticity surrounding the positive vorticities centered on the TC centers appear, but such kind of the vorticity structure is not seen in the PVI result ( Fig. 7e, g) . This tendency of the KF TC detection method in producing thick negative vorticity bands in the surroundings of a TC do not seem realistic. In addition, similar to the TC-removed wind field surrounding the TCs by KF (Fig. 5g, h) , the TC-removed vorticity field surrounding TCs remains largely unchanged (Fig. 7a,  b ). While the environmental wind field surrounding TCs changes more significantly after the TC removal by PVI, the surrounding vorticity field is nearly unchanged as in KF approach, indicating that the choice of TC removal technique (KF or PVI) have a minimum influence on the vorticity in the exterior of the TC region. On the other hand, the result obtained from GDF shows a larger TC effect on the relative vorticity field compared with that by PVI (Fig. 7c, f) . This 1 3 is caused by the TC removal procedure in GDF: the vorticity within the defined TC domain is completely removed regardless of the signs (Fig. 7c ), thus creating a discontinuity at the boundaries.
To confirm the dynamic consistency of the KF's TCremoved fields, we perform further PVI calculations to their PVAs; the results are shown in Figs. 8, 9, 10 . In this calculation, the TC-associated PVA is defined as the difference between the total and TC-removed PV fields obtained by KF (hereinafter called KF-PVI). The derived TC component is smaller and weaker than the TC component derived from PVI alone (Figs. 6c, f, i, 8c, f, i), but the TC components obtained by KF-PVI alone and those obtained by KF are similar (Figs. 5c, f, i, 8c, f, i). Moreover, as also clearly seen in a vertical cross section, even though the TC components of mass and wind fields obtained by KF and KF-PVI are distributed locally (Fig. 9d, f-i) , the components obtained by PVI are distributed over a wider range (Fig. 9e, h) . The TC-removed fields and TC component derived from the KF-PVI approach are consistent with the results derived from the KF approach alone, however, the distributions are different from those obtained by PVI.
In principle, PVI would generate a wider-spread geopotential and temperature fields. However, the KF-PVI generates more localized fields than the PVI does ( Fig. 9 ). This seemingly inconsistency is attributed to the cancellation of fields inverted from positive and negative PVAs. To investigate the cancellation, we shows respective effects of positive and negative PVA in KF-PVI in Fig. 10 . As same as the vorticity structure shown in Fig. 7e , the TC-associated PVA in KF has a thick negative PVA surrounding the positive PVA centered on the TC (Fig. 10a) . It is obvious that the thick negative PVA is mainly generated by the thick negative vorticity, which is artificially generated by the KF scheme instead of realistic TC characteristic. The positive PVA induces widely-spread TC components of mass and wind fields, which is similar to the PVI result (Fig. 10e, h) . On the other hand, the negative PVA induces widely-spread anticyclonic circulation (Fig. 10f, i) . The anticyclonic circulation cancels out the widely-spread cyclonic circulation induced by the positive PVA. As a result, the TC components of mass and wind fields are distributed locally. The PVI approach can be used to derive the mass and temperature associated with the TC-removed vorticity obtained from GDF. Figure 11 shows the result of PVI calculation, in which the PVAs are calculated using the TC-removed fields obtained by GDF [here, to compute PV in the TC-removed field, temperature in the TC-removed field is obtained by the spatial filtering used in Kurihara et al. (1995) ]. The derived TC components are slightly smaller but qualitatively similar to the result derived by PVI (Figs. 9e, h, 11b, c) . This indicates that GDF fairly calculates TC-associated PVA and confirms again that the mass and temperature fields associated with TC vorticity exhibit a wider spread structure than the vortex itself. However, a direct application of this removal technique needs to be cautioned because the TC component of relative vorticity decomposed by GDF includes background relative vorticity (Fig. 7c ).
Contribution of TCs to intraseasonal variability and seasonal-mean fields in the typhoon season in 2004
The technique proposed here is potentially useful for quantifying the contribution of TCs to climate variability. Two examples, namely seasonal-mean field and intraseasonal oscillation in JJASO 2004, are demonstrated here. Figure 12 shows the seasonal-mean relative vorticity of the original In the following analysis, the above-mentioned negative vorticity of the TC component analyzed in KF will be ignored because the negative vorticity seems to be artificially generated. Due to the prevailing recurving TC tracks in JJASO 2004, the total removed PV associated with TCs exhibits a bow shape with the maximum located near TCs' statistical recurvature point where the TCs usually slow down ( Fig. 12e-g) . Removal of TC PV results in larger negative vorticity in the north and smaller positive vorticity in the south. Moreover, consistent with the 6-h vorticity fields shown in Fig. 7 , the TC component of seasonal-mean vorticity obtained by PVI is approximately 40% larger than that derived from KF (Fig. 12e, g) . Because of the larger vorticity of the TC component derived from PVI, the positive vorticity in the central Philippine Sea becomes smaller, and the negative vorticity in the northeastern of the recurving point becomes larger than by KF (Fig. 12b, d) . On the other hand, the TC component of seasonal-mean vorticity obtained by GDF is approximately 20% larger near the statistical recurvature point than that derived from PVI (Fig. 12f, g) . This results in the larger negative vorticity in the northeastern of the recurving point than those based on PVI (Fig. 12c, d) . GDF's larger TC contribution to the seasonal-mean vorticity is likely caused by the removal of not only the TC component of the relative vorticity within the removal domain but also its background field in the scheme. Figure 13a -c shows the seasonal-mean upper-level temperature of the original and TC-removed fields. After removal of TCs, the seasonal-mean upper-level temperature becomes lower in both KF and PVI results. The largest temperature decrease exists to the east of Taiwan (approximately 25° N, 128° E). Because larger warm core is calculated in PVI than in KF, a temperature decrease in the upper-level temperature after removal of TCs by PVI is larger than that by KF; the temperature decrease in KF and PVI is 0.35 and 1.35 K, respectively, at the largest temperature decrease location. The seasonal-mean low-level geopotential height of the original and TC-removed fields are shown in Fig. 13d-f . While a weak seasonal-mean cyclone remains to the east of Philippines becomes smaller after TC removal by KF, the seasonal-mean cyclone totally disappears in PVI result. The extent of low-level negative vorticity in the northeastern of the recurvature point obtained from GDF and PVI (Fig. 12c,  d) indicates that the subtropical anticyclone expands its spatial coverage westward and becomes more dominant in Fig. 5c , f, i (Fig. 6c, f, i) ]. The right-hand column is the result by PVI but the input PVAs are calculated using KF's TC-removed fields (corresponding to Fig. 8b, e, h) the subtropical WNP after TC removal. Clearly, as would be expected from the 6-h TC-removed geopotential height fields (Fig. 6e, h) , the seasonal-mean TC-removed geopotential height field shows the westward expansion and intensification of anticyclone in the region (Fig. 13d, f) . The above results reveal that the existence of TCs with their strong positive vorticity enhances the strength of the monsoon trough and weakens the subtropical anticyclone in the lower troposphere, and at the same time warms the troposphere. In other words, the strength of seasonal-mean circulations in the tropical WNP is markedly enhanced because of the presence of TCs, which are induced in the favorable background conditions provided by the large-scale circulations. This result clearly demonstrates the mutual dependence of TCs and background mean circulations through active interaction. Hsu et al. (2008a) revealed that the 32-76-day ISO was the dominant subseasonal fluctuation in JJASO 2004, and its amplitude reached the 50-year record high value. The contributions of TCs to the 32-76-day ISV at the lower layer were estimated for both TC-removed fields, as shown in Fig. 8 by Hsu et al. (2008a) , and the difference between these contributions were also investigated. The contributions of 32-76-day variance of the low-level vorticity indicate two major ISV regions along the TC tracks: one is located to the east of Taiwan and the northern Philippines, and the other to the south of Japan (Fig. 14e) . The former corresponds to the northwestward TC tracks, while the latter corresponds to the northeastward TC tracks after recurvature. As compared with Fig. 8 by Hsu et al. (2008a) , the variance associated with the East Asian monsoon trough in the South China Sea is much larger than the variance associated with the (Fig. 14a ). This is because of the differences in the resolution (1.25° versus 2.5°) and temporal interval (6 h versus daily) of the data used in the analysis, as discussed in Sect. 5 of Hsu et al. (2008b) . The TC contribution obtained by GDF is consistent with KF's but in much larger magnitude (Fig. 14f) . The stronger TC vorticity derived from GDF presumably leads to the larger TC contribution to the subseasonal variance. The difference between the contributions calculated by KF and PVI appears in the northwestward-track region: the TC contribution calculated by PVI in the northwestward-tracks region is larger (up to 20%) than the contribution calculated by KF (Fig. 14g) . By contrast, the differences in the TC contribution are relatively small in the northeastward-track region. The variance reduced significantly in these two regions after removing the TCs (Fig. 14a-d) . Similar to the result in Hsu et al. (2008a) , the clustered TCs contribute 50% or more to ISV along the TC tracks in both TC removal procedures, and this contribution is larger when PVI is applied.
To investigate the ISO propagation after the removal of TCs, the Hovmöller diagrams of low-level vorticity are shown in Fig. 15 . The ISO propagates northward associated with the northward movement of TCs; therefore, we first show the Hovmöller diagrams of low-level vorticity averaged over 120°-150° E in Fig. 15a . The large amplitudes are observed near 8° and 17° N, and northward propagation from 5° to 20° N is also evident. The intraseasonal perturbation repeatedly oscillated throughout JJASO 2004. After the TC removal, the large amplitudes of the vorticity weaken significantly between 10° and 25° N ( Fig. 15b-d) . Spectral analysis reveals that removing the TCs reduces the intraseasonal amplitude by 50% (not shown). The northward propagation becomes much weaker and less systematic after TC removal. More interestingly, a slow southward propagation from 30° to 10° N, which is not present before TC removal, becomes evident. Thus, the TCs leave marked imprints in the characteristics of the ISO, not only enhancing the amplitude but also over-dominating the propagation tendency of largescale intraseasonal perturbation. These changes in the ISO characteristics can be seen in all three TC removal methods; however, the PVI method yields larger differences.
Next, because ISO is mainly affected by the northwestward TC tracks in the 10°-20° N latitudinal band, to investigate longitudinal propagation, we show the Hovmöller diagrams of low-level vorticity averaged over 10°-20° N in Fig. 15e . The eastward propagation of the low-level vorticity from 120° to 160° E is clearly observed from the middle of July 2004. Intraseasonal oscillations are also evident near 120°, 130°, and 145° E. After the TC removal, the amplitudes of the vorticity and oscillations weaken, especially between 120° and 160° E, where TCs originally existed ( Fig. 15f-h) . As with the northward propagation, the eastward propagation becomes less evident after the TC removal. Although the choice of the TC removal method influences the vorticity amplitude, the effect is weaker than that in the northward component. Overall, the presence of TCs not only enhances amplitude but also contributes to the more organized propagation of the ISO. Figure 16 shows that TC-removed fields on August 23, 2004 obtained by P-PVI, and the corresponding vertical structures of PN-PVI and P-PVI results are compared in Fig. 17 . Although the expansion of subtropical anticyclone is observed as in the TC-removed fields obtained by PN-PVI (Fig. 6) , the magnitude of the anticyclone is stronger than the PN-PVI result (Fig. 16e, f, h, i) . This is because upper-level negative PVA remotely induces anomalous anticyclonic circulation in the lower troposphere and partially cancel out the anomalous low-level cyclonic circulation induced by positive PVA in i, 16f, i, and 17c, d) . Evidently, the effect of upper-level negative PVA, which is weaker and vertically thinner, is relatively weaker than the effect of positive PVA, which is stronger and extends vertically through almost the whole troposphere. As a result, the strengthening and expansion of subtropical anticyclone is still dominant even after removing both positive and negative PVAs associated with TCs. Next, we examine the upper-level TC-removed temperature field. The TC-component of upper-level temperature is smaller in the P-PVI calculation than in the PN-PVI calculation ( Figs. 6c, 16c , and 17e, f), resulting in the relatively higher temperature region in the TC-removed field near the TC center (Figs. 6b, 16b) . To investigate the upper-level temperature in detail, the decomposed effect of PVAs are shown in Fig. 18 . Figure 18 indicates that the negative PVA in the troposphere induces not only an anticyclonic circulation but also a cold layer in the lower stratosphere and a warm layer in the upper troposphere ( Fig. 18e, h) . The temperature anomaly induced in the cold and warm layers are −1.5 K and 1.5 K, respectively, thus the negative PVA effect on upper-level temperature fields is not small. By contrast, the positive PVA induces cyclonic circulation throughout most of the troposphere with maximum in the low level, and a deep warm core in the troposphere. The effect of negative PVA in the lower stratosphere on the circulation in the middle-lower troposphere is relatively minimum compared with that of positive PVA (Fig. 18c, f, i) . The net effect of both positive and negative PVAs associated with a TC appears to enhance the background large-scale circulations, namely a stronger low-level monsoon trough, a stronger upper-level anticyclone, and a warmer core throughout the troposphere.
The effect of the thinner upper-level negative PVA is essentially limited in the upper level, whereas the deep positive PVA has a much larger and deeper influence.
Finally, the seasonal-mean upper-level temperature and low-level geopotential height in the TC-removed fields are shown in Fig. 19 . Because of weaker warm core structure obtained by P-PVI (Fig. 17e, f) , smaller temperature reduction is observed compared with that caused by PN-PVI (Fig. 19b, c) . Moreover, compared with the result in PN-PVI, the seasonal-mean low-level anticyclone becomes stronger in P-PVI because there is no consideration of the negative PVA that suppresses the expansion of subtropical anticyclone (Fig. 19e, f) . On the other hand, the TC's low-level contribution to the 32-76-day ISV and the ISO propagation in the TC-removed field obtained by P-PVI are almost the same as the results obtained by PN-PVI because the negative PVA effect on low-level wind field is much weaker (not shown).
In conclusion, removing positive PVA alone might be essentially enough for estimating the TC contribution on low-level circulation. However, the negative PVA should be taken into account because the TC contribution induced by the negative PVA especially on the upper level temperature field is not small. 
Conclusion and discussion
By removing TC vortices in the global analysis and by evaluating the resultant differences, one may investigate the effect of TCs on large-scale environmental fields. Although a method to remove TC vortex proposed by Kurihara et al. (1995) is widely used, it is unclear whether the TC-removed field obtained by the existing method is well-balanced. Here a methodology for constructing well-balanced TC-removed fields based on PVI is proposed.
The proposed TC removal technique is unique in several respects. First, owing to the use of PVI, the obtained TC-removed fields at all levels are well balanced in the framework of PVI system. Second, although an averaging field is predefined when PVA associated with TC is decomposed from the large-scale field, the effect of the TC-associated PVA is still included in the averaged field if calculated as a simple time mean. The averaged field in the proposed technique is iteratively calculated using the TC-removed fields to reduce the TC residues in the averaged field. Third, the PVA associated with a TC is detected objectively at all layers, and the domain is not necessarily circular. In addition, a vertical vortex axis is defined, which prevents misinterpreting a PVA associated with other synoptic systems as the targeted TC perturbation. Thus, this algorithm does not extract PVAs associated with other synoptic systems that exist in the vicinity of the TC. The Kurihara method that was popular in TC simulations is compared with our technique. The magnitude of TC vortex calculated by the Kurihara method is smaller. Furthermore, the Kurihara method generates an unrealistic thick negative vorticity band encircling TC center. In the TC-removed field, the Kurihara method tends to retain a weak cyclonic circulation at the location where the removed TC originally existed. Such a weak cyclonic circulation no longer exists in the TC-removed field obtained by the technique proposed here. Moreover, TC vortices obtained by the proposed method have more far-reaching influence than those obtained by the existing method. After the removal of TCs, the environmental field surrounding TCs remains largely unchanged in the existing method, while it changes markedly in the proposed method. In view of the marked change in the environmental field, one might doubt the validity of the proposed TC removal method. In general, TC is embedded in a larger circulation system, for example, the subtropical high and monsoon trough, and is surrounded by non-TC flows. The embedded TC suppresses these systems because of its strength. In addition, the PV has its dynamic impact on the far field (the so-called electrostatics analogy; Bishop and Thorpe 1994; Thorpe and Bishop 1995) . For this reason, it is expected that the derived mass and wind fields change in a region much larger than the TC domain after the removal of PVAs. Therefore, the appearance of marked changes in the environmental fields is not surprising considering the PV dynamics.
A new wind decomposition proposed by Galarneau and Davis (2013) is also compared. The TC contribution to the vorticity fields calculated by GDF is the largest among three methods because GDF extracts not only the TC component of relative vorticity but also background vorticity. Moreover, in comparison with the divergent wind derived by Galarneau and Davis (2013) decomposition, the divergent wind obtained by the balanced omega equation system is smaller (not shown). As reported by Wang and Zhang (2003) , this is an inherent problem when the velocity potential and vertical velocity are inverted by the balanced omega equation system. A carefully designed adaptation of Galarneau and Davis (2013) method may help to enhance the underestimated divergent wind in KF and PVI. It would be interesting to construct a new balanced system taking the advantage Fig. 16 Same as Fig. 6 but for the results obtained by P-PVI of the method of Galarneau and Davis (2013) to compute more accurate divergent wind and vertical velocity in the TC-removed fields.
KF, GDF and the proposed technique are applied, following Hsu et al. (2008a) , to evaluate the TC contribution to the intraseasonal variance and seasonal-mean fields in the tropical WNP during JJASO 2004 and the results are compared. As reported by Hsu et al. (2008a) , the summer was characterized by unusually strong TC and intraseasonal activity in the WNP, which reached record high value in 50 years. The results obtained by the proposed method confirm the significant contribution (up to 50%) of TCs to the intraseasonal variance along the TC tracks revealed by Hsu et al. (2008a) . The strong northward-propagating intraseasonal signals were also markedly enhanced by the TCs. The TC contributions calculated by three TC removal schemes are consistent with the results of Hsu et al. (2008a) , but the proposed PVI method reveals larger contributions of TCs than KF.
Moreover, although the PV feature associated with TC is characterized by its tropospheric positive anomaly and negative anomaly in the upper troposphere and lower stratosphere, these individual effects are explored. The impact of TC on the large-scale monsoonal flow explored in our study focuses mainly in the lower to middle troposphere where the well-defined positive PV dominates. The "enhanced anticyclonic flow" presented in our study is a direct response to the removal of the positive PV in the lower-middle troposphere. However, the negative PVA has a significant impact in the upper-level temperature. Thus, we should consider the negative PVA effect when the PVI is applied to TC studies. Due to highly asymmetric distribution of the negative PVA associated with TCs, our definition of the negative PVA associated with a TC in this study is less sophisticated compared with the one of the positive PVA. It would be interesting in the future studies to identify the negative PVA associated with TC with more sophisticated partitioning techniques.
Numerous studies on the multiscale nature of circulation in the tropical WNP have been conducted with respect to energetics in recent years (e.g., Hsu et al. 2011; Ko et al. 2012) . Using the data decomposed into different time scales, the aforementioned studies estimated the energy conversion among the fluctuations of different time scales. Despite considering the effect of the presence of TCs on the energetics, the temporal filtering cannot clearly decompose the fields Fig. 18 Vertical cross section at 15°N for 0000 UTC on August 23, 2004 of TC-associated a tropospheric positive PVA, d geopotential height deviation (color and contour, contour interval is 5 gpm ranging from − 20 to 20 gpm), and g temperature anomaly (color and contour, contour interval is 0.5 K ranging from − 1 to 1 K). b, e, g Same as a, d, g but for the tropospheric negative PVA. c, f, i Same as a, d, g but for the stratospheric negative PVA into TC and non-TC components. Clearly, using the TCremoved fields to reveal the TC contribution to the energetics is the preferred way. On the basis of the KF method, Ko et al. (2012) suggested that the presence of TCs enhanced the kinetic energy conversion between submonthly and intraseasonal perturbations by 40-50%. Hsu et al. (2008a) and Ko et al. (2012) analyzed the TC effects at 850-hPa level only because of the limitation of the KF method applied; therefore, they could not reveal the complete characteristics of energy conversion in three dimensions. Furthermore, considering the larger TC amplitude derived from the proposed PVI technique, Ko et al. (2012) might have underestimated the TC contribution. Both TC and TC-removed fields obtained by the proposed removal technique enable the analysis at all layers while retaining dynamic balance. Diagnostics based on such data are expected to obtain a more accurate estimation of energy conversion and dynamical processes involved in the multiscale interaction.
Another challenging task is to evaluate the remote effects of TCs on the large-scale circulation, such as the predecessor rain event (Galarneau et al. 2010; Galarneau 2015) and the downstream effect during the extratropical transition process (Riemer and Jones 2010; Grams and Blumer 2015) through the Rossby wave energy dispersion. This remote effect cannot be realized through the TC removal procedure. Numerical modeling studies with and without TCs are needed for such an impact evaluation.
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Fig. 19
Temperature (color and contour, in K) at 259.3 hPa for the time mean in JJASO 2004: a JRA-55 reanalysis; TC-removed field obtained by b PN-PVI and c P-PVI. d-f Same as a-c but for geopotential height at 866.9 hPa (in gpm)
